The radiocaesium concentration factors (CF) of different fish species in 10 lakes in Russia, Belarus and Ukraine were measured between 6 and 11 years after the Chernobyl accident. Clear inverse relations were observed between fish CF and lakewater K + concentration. Perch (a predatory species) had CF"s which were two times higher than non-predatory fish. No differences in CF"s were observed between different species of non-predatory fish. An empirical model for the prediction of radiocaesium CF"s in fish (Rowan and Rasmussen, 1994) was blind-tested against our measurements. The model predictions, based on measurements of K + and suspended solids concentrations in the lakewater, were in good agreement with measured values.
Introduction
Studies on the contamination of aquatic systems following the Chernobyl accident have shown that, in general, radiocaesium activity concentrations in water declined relatively rapidly (Vakulovsky et al., 1994; Smith et al., 1997) . Bioaccumulation of radiocaesium in fish, however, resulted in activity concentrations (both in Western Europe and in the former Soviet Union) which were in many cases significantly above the maximum permissible level for consumption. In many lakes in Russia and Belarus these problems have continued to the present day and evidence suggests that they may continue for the forseeable future.
The level of radioactive contamination of aquatic biota is commonly defined in terms of a concentration factor (CF) where water of litre per ion concentrat Activity (wet wt.) fish of kg per ion concentrat Activity CF l kg -1 (1)
As a result of accumulation of radiocaesium with CF's in the range 10 2 -10 4 l kg -1 (Foulquier, 1979) , fish have remained relatively highly contaminated despite relatively low radiocaesium activity concentrations in water. In the Chernobyl Cooling Pond 137 Cs activity concentrations in carp (Cyprinus carpio), silver bream (Blicca bjoerkna), perch (Perca fluviatilis) and pike (Esox lucius) were of order 100 kBq kg -1 wet weight (w.w.)
in 1986, declining to a few tens of kBq kg -1 in 1990 (Kryshev and Ryabov, 1990; Kryshev, 1994) . In lakes in the Bryansk region of Russia, approximately 300 km away from the Chernobyl NPP, activity concentrations in a number of fish species varied within the range 0.215 -18.9 kBq.kg -1 w.w. during the period 1990-92 (Fleishman et al., 1994) . In Norwegian lakes, Brittain and co-workers (Brittain et al., 1991) found that activity concentrations in brown trout (Salmo trutta) were in the range 2 -13 kBq kg -1
shortly after the accident, declining to 0.5-5 kBq kg -1 in 1989. In Alpine lakes in Germany, levels in pike were around 8 kBq kg -1 shortly after the Chernobyl accident (Lindner et al., 1990) . Concentrations of radiocaesium in fish declined relatively rapidly between 1986 and 1989 with an ecological half-life of around 2-3 years (Brittain et al., 1991; Kryshev, 1994) , but there is evidence to suggest (Fleishman et al., 1994; Smith et al., 1998) that between 1990 and 1992 levels stabilised, so that rates of decline in activity concentrations may decrease to close to the physical decay half-life of 137 Cs, 30.2 years.
The processes which determine the accumulation of radiocaesium in fish are complex, and lead to wide differences in contamination levels according to fish type, size and feeding patterns. The most important pathway of radiocaesium into fish is via intake of food, and the high concentration factors observed are a result of accumulation of radiocaesium through the food chain. In general, predatory fish such as pike and perch show higher concentration factors than herbivorous species. The "size effect" of radiocaesium accumulation in fish most commonly results in an increasing contamination (per unit weight of fish) with increasing fish size (Elliott et al., 1992; Hadderingh et al., 1997) .
Studies on weapons-test derived 137 Cs found that the concentration factor of radiocaesium in fish was inversely proportional to the potassium content of the surrounding water (Fleishman, 1973; Blaylock, 1982; Rowan and Rasmussen, 1994) .
This relation has not, to our knowledge, previously been tested for lakes in the regions contaminated by the Chernobyl accident. The purpose of our study was to test the inverse relation between radiocaesium CF in fish and K + concentration in lakewaters for lakes in the regions surrounding Chernobyl. A model developed by Rowan and Rasmussen (1994) using data from weapons-testing and routine power station discharges is blind-tested against our measurements of Chernobyl-contaminated fish.
Methods
Samples of fish were taken from 10 lakes located in Russia, Belarus and
Ukraine (see Fig. 1 for lake locations and Table 1 for a general description of the lakes). Sampling from the Chernobyl Cooling Pond, the Kiev Reservoir and Lake
Kazhanovskoe was carried out during the period 1992-1994. Samples from the 7 other lakes were taken during 1996 and 1997.
Fish were caught using gill nets and divided by species, sex and size groups.
The operculum was removed from perch and scale samples taken from other fish species for age determination. Length and total and somatic (ie without organs) weights were determined. Fish were prepared for -counting by removing the head, tail and organs, dried at 105 o C and ground. Dry weights were determined. For very small fish, the whole fish was measured (ie including head, tail and organs), and individuals were combined to give sufficient sample for counting. Fish radiocaesium activity concentrations are presented as activity concentration per kg of wet weight (w.w.).
Water samples were collected in 25 L containers, filtered through 1 m filter papers, then concentrated on a caesium specific ion-exchange resin prior to -counting of the filtrate. Sub-samples were taken for measurement of the water chemistry, including potassium. Where samples from more than one sampling visit were available (between 1 and 4 visits were made to each lake), mean values of 137 Cs determinations and water chemistry were calculated.
Concentration factor (CF) values for different fish species in each of the 10 lakes were calculated. Because of the "size effect" of radiocaesium accumulation in fish (Elliott et al., 1992; Hadderingh et al., 1997) , which commonly results in an increasing contamination (per unit weight of fish) with increasing fish size, we have restricted the analysis to fish samples within a given size range: of length 10 -20 cm.
Samples of roach (Rutilus rutilus) in the Kiev reservoir and goldfish (Carassius auratus gibelio) in Lake Kazhanovskoe had mean lengths above this range (22 cm and 32 cm respectively), but these species showed no evidence of changes in CF with size, and so these data were also included in the analysis.
Errors
Errors in 
Results and Discussion
As shown in Fig. 2 There is no significant difference in CF"s between the different non-predatory species.
An equation of the form:
was fitted to the observed data using SAS statistical software package (SAS Institute 
where figures in brackets give the range (95% confidence) in parameter estimates. The inverse relation between radiocaesium CF and potassium concentration are in agreement with previous studies carried out following atmospheric nuclear weapons testing (Fleishman, 1973; Blaylock, 1982) . We have, for the first time,
shown that this relation also applies to fish contaminated by the Chernobyl accident.
In a large study of bioaccumulation of radiocaesium in fish contaminated by nuclear weapons test fallout, and by routine discharges from nuclear sites, Rowan and Rasmussen (1994) developed empirical relationships for the CF of freshwater fish.
These relationships were not applied to fish contaminated by Chernobyl, since, at the time, equilibration of the fish-water system could not be assumed (Rowan and Rasmussen, 1994) . The CF"s measured in the present study, conducted from 6-11 years after the Chernobyl accident, represent equilibrium CF values since the processes of accumulation and release of radiocaesium in fish (in the size group of small fish we have selected) had reached equilibrium before the beginning of our study.
We have used our data to carry out a "blind" test of the empirical relationships developed by Rowan and Rasmussen (1994) . We have used their model for equilibrated systems, including what were considered to be only the most robust predictors of CF (termed, by Rowan and Rasmussen (1994) ] rather than M l -1 as used by Rowan and Rasmussen (1994) .
We have "blind" tested this empirical model using our data from the Chernobyl-contaminated lakes. Fig. 3 shows plots of CF values predicted using the model of Rowan and Rasmussen (1994) against our measured CF values. The model makes good predictions, with most estimates being within a factor of 2 or better of the measured values (Fig. 3) . The difference in CF between predatory and non-predatory fish is also confirmed by our data. Eq. 6 predicts CF values which are 1.96 times higher in predatory fish than non-predatory. This is in good agreement with our empirical relationships which give CF values which are 2.04 times higher for perch (Eq. 4) than for non-predatory species (Eq. 5).
Our study has highlighted some errors in the model predictions. These stem, partly, from the relation of CF with [K + ] used in the Rowan and Rasmussen (1994) model. The coefficient of the inverse logarithmic relation is 0.718 in Eq. (6) Rowan and Rasmussen (1994) , and the empirical relations we have developed (Eqs. 5 & 6) are likely to significantly underestimate concentration factors.
Conclusions.
We have shown that radiocaesium Concentration Factors (CF) in fish in lakes situated in the Chernobyl contaminated regions of Russia, Belarus and Ukraine are inversely proportional to the potassium concentration of the lakewater. Perch (a predatory species) had CF"s which were two times higher than non-predatory fish.
predatory fish. An empirical relationship for the prediction of 137 Cs CF"s in fish (Rowan and Rasmussen, 1994) , developed from studies of weapons test fallout, and routine power station discharges, was blind-tested against our measurements of fish contaminated by Chernobyl. The model (Rowan and Rasmussen 1994) gave good predictions, with most estimates being within a factor of 2 or better of the measured values. We have, however, observed a stronger inverse relation of CF with potassium than used in the Rowan and Rasmussen (1994) model. Models could be further improved by accounting for the effect of fish size on radiocaesium accumulation. Figures   Figure 1 . Map of the study sites. Lakes are numbered as in Table 1 . 
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